In this paper, a parametric study of conventional Uniplanar Compact Photonic Band Gap (UC-PBG) structures, with different dimensions, is investigated. The studied structure operates as an Artificial Magnetic Conductor (AMC) and Electromagnetic Band Gap (EBG) in which the performances are mainly characterized by the resonant frequency and bandwidth of band gap. Simulation and numerical analysis have been carried out using CST Microwave Studio software, which is based on Finite Difference Time Domain (FDTD), and Ansoft HFSS which is based on Finite Element Method (FEM). Results show that different dimensions affect the AMC's and EBG's performances. The increase in the length and width of the UC-PBG slot will result in lower resonant frequencies and bandwidth degradation, while the frequency band position will increase and the bandwidth of band gap will decrease when the branch width are increased. Furthermore, a prototype of a microstrip line proximityfed to a fractal patch antenna on a UC-PBG substrate is designed and simulated. Computed results show that the antenna mounted on the UC-PBG substrate has over 9.2% wider impedance bandwidth than the same antenna etched on a grounded dielectric slab with the same characteristics, due to inphase reflection phase of UC-PBG structure. Compared with the reference antenna at 7.2GHz, the back lobe is reduced by 7.86dB in E plane and 7.68dB in H plane. Cross-polarization level remains below10dB in both E and H planes.
INTRODUCTION 1
Photonic Band-Gap (PBG) or Electromagnetic BandGap (EBG) structures are emanated from classical concepts of optics [1] . In recent years, the various applications of these structures have been extended to antenna structures and microwave circuits [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Practical applications of early EBG designs have some difficulties in accommodating their physical sizes, since the period of an EBG lattice has to be about the halfwavelength at the stop-band. So many small and compact EBG structures have been represented to solve this problem, such as mushroom-like EBG [14] , UC-PBG [15] , fork-like EBG [16] and spiral-like EBG [17] . In this paper, we focus on Uniplanar Compact PBG (UC-PBG) structures which are realized with square metallic pads connected by narrow strips. Because the whole cells of UC-PBG are on one plane, via holes or multilayer substrates are not required in this structure.
So simplifying the implementation and reducing the costs, the UC-PBG attracts more and more interests.
In a certain frequency range, UC-PBG structures can behave as an EBG surface [15] or as an Artificial Magnetic Conductors (AMC) [18] [19] [20] , which has made UC-PBG structure very popular in the microwave and antenna research communities. AMCs reflect electromagnetic waves at a frequency called "AMC point" with a zero phase shift (reflection coefficient of +1, in-phase reflection). On the other hand, EBGs do not support surface waves in a frequency interval called the "band gap". In many cases, the AMC point is required to be within the band gap region. Unfortunately, the design of such a structure is rather difficult.
AMC surfaces have found numerous applications as ground planes in printed antennas [21] , low profile cavity antennas [18] and as reflectors for aperture coupled patch antennas [22] . AMCs are typically realized based on periodic dielectric substrates and various metallization patterns [23] . In this paper, we specifically study the performance of the conventional
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Journal Homepage: www.ije.ir UC-PBG structure operating as AMC and EBG properties in terms of simultaneous by FEM (HFSS 13, Ansoft) and FDTD methods (CST Microwave Studio 2010) under different dimensions of metallic pad and inductive branch. The effect of various dimensions on the band gap characteristics is out of the scope of this paper and will be the subject of a future research. In particular, study on the effect of the parameters on both the EBG and AMC frequency bands allow the flexibility to design UC-PBG arrays with either one or both of these properties, depending on the requirements of the application. Eventually, this knowledge is employed to design a proximity-coupled fractal patch antenna on the UC-PBG substrate. Simulated results of the realized prototype working at 7GHz show that both wider bandwidth and improvement of radiation pattern can be obtained, in comparison with the same antenna on a conventional substrate.
SIMULTANEOUS AMC AND EBG CHARACTERISTICS OF UC-PBG STRUCTURES
Figure 1(a) shows schematic diagrams of the UC-PBG structure, which was designed on a substrate with a thickness of 2mm, relative permittivity of 2.5 (Alone AD 250) and loss tangent 0.003. Each cell of this PBG lattice consists of a square metal pad with four connecting branches, as shown in Figure 1(b) . These narrow branches, together with insets at connections, introduce additional inductance seen by the microstrip, and the gaps between neighbor pads enlarge the capacitance [15] . Figure 1(c) shows the equivalent circuit. 
1. Re lection Phase (AMC)
The reflection properties of an AMC structure can be obtained by computing its reflection diagram, which is the graphical representation of the frequency dependence of the phase shift between the incident and reflected wave.
FEM method, based on the Bloch-Floquet theory is used to analyze the reflection phase of UC-PBG structure, and to verify the computation results, the FDTD method is also used for the AMC analysis. A normally incident plane wave is radiated from a source plane, and the reflected fields are calculated at an observation plane, as shown in Figure 2 (a). It can be called in-phase (or out-of-phase) reflection, if the reflection phase is 0° (or not). The reflection phase of an AMC surface varies continuously from +180° to −180° relative to the frequency, and crosses zero at just one frequency (for one resonant mode). The useful bandwidth of an AMC is generally defined as +90° to −90° on either side of the central frequency. Periodic Boundary Conditions (PBC) are put on four sides of the unit cell to model the effect of periodic replication in an infinite array structure. The reflection phase of the reference PBG cell with these parameters is shown in Figure 2 (b): the square metal pad size is w=8mm; the inductive branch width is s=0.5mm; the period of cells is a=8.5mm; the width of the slot in metal pad is c =1.65mm and its length is d=2.15mm. These parameters are seen clearly from Figure 2 (b). Although the FEM and FDTD results have a obvious frequency shift, they exhibit the same reflection phase pattern. The resonant frequency is 8.35GHz based on the FEM simulation and 8.71GHz from the FDTD simulation.
Dispersion Diagram (EBG)
An EBG structure with a forbidden frequency band (no electromagnetic wave propagation is possible), can be fully characterized by its dispersion diagram. The dispersion diagram is a graphical representation of the wave vector in dependence on frequency and gives us information about the position of pass-bands and stop-bands in the frequency spectrum. In particular, a two-dimensional dispersion diagram is desired in order to observe the unit-cell's propagation constant for different angles of an incident wave.
The dispersion diagram of the UC-PBG structure is also simulated using FEM and FDTD methods, as shown in Figure 3 (a). Two PBCs are introduced together with a unit-cell of UC-PBG structure and an absorber as lead of the integration box. In FDTD model, Z axis boundaries are either E or H walls, in order to obtain TE and TM modes. To generate the twodimensional dispersion diagram for the unit-cell of UC-PBG, we have to move along the path Γ to X, X to M, and then M to Γ of irreducible Brillouin zone [24] .
The dispersion diagram for the unit cell of Figure  3 (a) with the mentioned parameters in section 2.1, are plotted in Figure 3(b) . In this diagram, the vertical axis is the frequency and the horizontal axis represents the value of the horizontal wave numbers (K x ,K y ) in Brillouin zone. Each point in the dispersion diagram represents a certain surface wave mode. It is observed that no surface waves can exit in the frequency range from 6.5 to 9GHz for FDTD and 6.31 to 8.65GHZ for FEM methods. Thus, this frequency region is defined as a surface wave band gap of the UC-PBG structure.
PARAMETRIC STUDY OF THE UC-PBG STRUCTURE
The resonance frequency and the bandwidth for the reflection phase and band gap for the dispersion diagram of UC-PBG structures depend on the unit cell geometry, the substrate's relative permittivity and thickness [25] [26] . So, it is important to realize that different dimensions of the same structure result in different values of resonance frequency and bandwidth for AMC and EBG characteristics. Therefore, in this section the effects of inductive branch width (s), width (c) and length (d) of the slot in metal pads are discussed one by one in order to obtain some guidelines to design a proper UC-PBG surface. Since in the previous section FEM and FDTD methods have shown almost the same results, to simplify the analysis, in this section FEM for AMC analysis and FDTD for EBG analysis, are considered.
1. The Effect of S lot Length in Metal Pad
Length of the slot in metal pad plays an important role in determining the frequency band. To study the effect of this parameter, other parameters such as the inductive branch width and length of the slot in metal pad are kept the same as in previous section. The slot length is changed from 1.5mm to 2.8mm. 
2. The Effect of Slot Width in Metal Pad
The width of the slot in metal pad determines the distance between inductive branch and metal square pad. Variation of the slot width affects the frequency band of the UC-PBG surface. During this investigation, the slot length and inductive branch width are kept the same as the reference design. The slot width is increased from 1mm to 2.3mm. Figures 6(a) and 7(a) display the reflection phase and dispersion diagram for different slot widths respectively, and Figures 6(b) and 7(b) present the frequency band versus the slot width. It is observed that when the slot width is increased, the resonance frequency will decrease significantly, but the band gap will reduce slightly for both AMC and EBG characteristics.
The Effect of Inductive Branch Width
Inductive branch width is another effective parameter used to control the frequency band. The UC-PBG structure analyzed in this section has the same parameters as the reference, except the branch width. The branch width is usually kept small; the branch width is increased from 0.25mm to 0.75mm. The reflection phase and band gap positions of dispersion diagram for various branch widths are plotted in Figures  8 and 9 . It is observed that the variation of the branch width has the opposite effect on band position to the variation of the slot width and length: as the branch width increases, the frequency band position will increase while the bandwidth for AMC and EBG properties will decrease, as before.
PROXIMITY-COUPLED FRACTAL PATCH ANTENNA DESIGN
In this section, a prototype of proximity-coupled fractal patch antenna on a UC-PBG substrate is designed and simulated. Antenna return loss and radiation pattern are investigated and are compared to those of a conventional microstrip patch antenna. The configuration of a patch antenna with a UC-PBG substrate is depicted in Figure 6 . The antenna structure includes three dielectric substrate layers, with parameters ε r =2.5, h 1 =h 2 =1mm, h 3 =2mm and loss tangent 0.003. The fractal radiation patch is etched above the top substrate, with dimensions of w=16mm, w 1 =4.3mm and w 2 =4.6mm is designed to resonate at 7.2GHz. A 50Ω microstrip line with 1.25mm width is on the middle substrate layer, and is proximity-coupled to the top radiation fractal patch element with inset length of 2mm to the center of the patch. On the lower layer a 5×5 UC-PBG array is placed with the same size as the reference UC-PBG structure in section 2. The CST Microwave Studio and HFSS softwares are used to design the patch antenna. The simulated results of the return loss (S 11 ) are given in Figure 7 . A conventional microstrip antenna with the same size of radiation fractal patch whitout UC-PBG substrate is also designed and simulated as a reference. The HFSS simulation predicts the resonant frequency at 7.15GHz, while the CST shows the resonance at 7.32GHz, for a normal fractal patch antenna. Its -10dB impedance bandwidth was calculated to be 2.4% for both simulations. In contrast, the resonant frequency of a UC-PBG fractal patch antenna is predicted at 6.79GHz by HFSS simulation, with its10dB impedance bandwidth of 13% (6.37-7.25GHz) and at 6.9GHz by CST, with its -10dB impedance bandwidth of 10.3% (6.58-7.29GHz), which is about 3% less than the 13% bandwidth computed with HFSS. Both simulation results show that by using UC-PBG patterns in the bottom substrate, the resonant frequency of patch antenna decrease while the impedance bandwidth increases. The discrepancies between HFSS and CST results are basically due to the difference between their computations methods. The decrease in resonant frequency of a UC-PBG antenna is due to the capacitive and inductive loadings of the PBG profiles under the fractal patch. The increase in bandwidth is due to fact that the UC-PBG acts like an AMC ground plane for the fractal patch antenna.
The simulated E-and H-plane radiation patterns of the proximity-coupled fractal patch antenna with the UC-PBG substrate of Figure 6 , and the reference fractal patch, which differs from that shown in Figure 6 only because it has no UC-PBG, are shown in Figure 8 , at 7.2GHz. In both the E-plane (8(a) ) and H-planes (8(b) ), the patch on the ordinary metal ground plane shows large backward radiations, while the fractal patch antenna on UC-PBG ground plane produces a lower back lobe, with less power wasted in the backward direction. In the H-plane pattern of the fractal patch antenna with PBG, the back lobe is reduced by 5.51dBi in HFSS and 10.21dBi in CST, and in the E-plane pattern, the back lobe is reduced by 5.48dBi with HFSS and 9.89dBi with CST. Furthermore, the boresight gain in CST simulation is 8.41dBi, which is higher than that of the reference patch (7.01dBi). However, it is observed in Figure 8 (c), that the component of H-Plane cross-polarization radiation is increased by using UC-PBG substrate. The H-plane cross-polarization has a peak level of -10.3dBi, which is higher than that of the reference antenna (-18.1dBi) in CST simulation. Whereas the E-plane cross-polarization pattern is negligible being lower than -30dBi, it is not depicted.
CONCLUSION
The performances of the conventional UC-PBG structure operating as an AMC and EBG were investigated under different dimensions. Our numerical analysis shows that the reflection phase curve and the dispersion diagram which is employed to infer the AMC and EBG characterizes respectively are affected by different dimensions of slot length, slot width and inductive branch width. A shift to a lower AMC resonance frequency and EBG is observed in addition to degradation in the operational bandwidth of band gap when the slot length and width are increased, while the variation in the branch width has the opposite effect on band position. It is concluded that this type of study is important to design AMC and EBG structures for various applications of UC-PBG, where the operating frequency and bandwidth are the cornerstones of the performance. Besides, using the UC-PBG as the substrate of a fractal patch antenna, an impedance bandwidth of 11.65% is obtained, that is significantly higher than that of the reference conventional patch antenna. In addition, the proximity-coupled-fed fractal patch mounted on the UC-PBG plane has shown a great Results show an achievement of a more focused beam radiated in the broadside direction with over 1.4dB directive gain improvement at broadside direction, as well as 7.86dB reduction of the back lobe in the Hplane, while maintaining the level of cross polarization below -10dB. Therefore, we can conclude that using a UC-PBG as the substrate of proximity-coupled fractal patch antenna improves its performance, both in bandwidth and radiation pattern. 
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